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Dorsal axis formation
Nodalanizer (Spemann organizer) is an important process in early vertebrate devel-
opment. In zebraﬁsh, two molecular cascades—Bozozok/Dharma (Boz) and Nodal signaling—act in parallel to
induce the dorsal organizer. However, the complete molecular mechanism regulating this event remains
unclear. Here we report that zebraﬁsh cell lines derived from various developmental stages can induce a
secondary axis when they are implanted into the mid-blastula but not the early gastrula. The implanted
cells themselves did not differentiate, but instead induced ectopic expression of dorsal organizer markers
in cells around the implanted cells and induced notochord formation in the secondary axis. These results
indicate that cultured cell lines have the ability to induce a secondary axis through the initiation of dorsal
organizer activity. However, ectopic expression of boz and sqt were not observed in cultured cells. In ad-
dition, implanted cell lines could induce the dorsal organizer even in maternal-zygotic one-eyed pinhead
mutants, which are not responsive to Nodal signaling. Finally, the Nodal signaling pathway was not acti-
vated following implantation of cultured cells. Collectively, these data suggest that zebraﬁsh cell lines induce
the dorsal organizer independent of the boz and Nodal signaling pathways.
© 2008 Elsevier Inc. All rights reserved.IntroductionEarly in vertebrate development, embryonic body axes are pat-
terned by a series of inductive events (Chan and Etkin, 2001; Harland
and Gerhart, 1997). In these events, the organizer—the source of in-
ducing signals—plays an important role. Two well-studied organizers
for dorsal axis formation were ﬁrst identiﬁed in amphibians: the
primary organizing center (Nieuwkoop center), located in the dorso-
vegetal sector of the blastula (Nieuwkoop, 1969; Rowning et al., 1997;
Vincent et al., 1986); and the dorsal organizer (Spemann organizer),
located in the most dorsal marginal zone of the gastrula (Doniach
et al., 1992; Keller et al., 1992; Smith and Slack, 1983; Spemann and
Mangold, 1924). The Nieuwkoop center induces the dorsal organizer
(De Robertis et al., 2000), which then dorsalizes the adjacent meso-
derm and induces the formation of the neural ectoderm (Harland and
Gerhart, 1997). Structures homologous to the Nieuwkoop center and
the dorsal organizer are largely conserved in other vertebrates (De
Robertis et al., 2001). In zebraﬁsh and other teleosts, the dorsal yolk
syncytial layer and the embryonic shield have been shown to per-
form the same functions as the Nieuwkoop center (Mizuno et al.,
1996) and the dorsal organizer (Shih and Fraser, 1996), respectively
(reviewed in Schier and Talbot, 1998).
Recent studies with zebraﬁsh mutants have revealed that two
molecules, bozozok/dharma (boz) (Fekany et al., 1999; Koos and Ho,Center, National Institute of
55 981 5849.
l rights reserved.1999; Yamanaka et al., 1998) and squint (sqt) (Erter et al., 1998;
Feldman et al., 1998), act in parallel to induce the dorsal organizer in
the dorsal yolk syncytial layer. Boz is a homeodomain protein that
functions as a transcriptional repressor (Leung et al., 2003). In boz
mutants, formation of the dorsal organizer is defective, and expression
of organizer markers at the early gastrula period is reduced (Fekany
et al., 1999). Sqt is a Nodal-related secreted factor in the TGFβ
superfamily that is regulated by an essential co-receptor of Nodal
signaling, one-eyed pinhead (Oep) (Feldman et al., 1998; Gritsman
et al., 1999). sqt mutants also have a defective organizer and exhibit
a reduction in organizer marker expression (Feldman et al., 1998).
Another Nodal-related molecule, Cyclops (Cyc) (Feldman et al., 1998;
Rebagliati et al., 1998; Sampath et al., 1998), is thought to be partially
redundant with Sqt in functions associated with induction of the
dorsal organizer. Evidence supporting this possibility includes the
occurrence of more severe defects in dorsal organizer formation in sqt
and cyc double mutants (Feldman et al., 1998). Although boz;sqt;cyc
triple mutants express substantial reduced levels of dorsal organizer
markers as compared to boz mutants or to sqt;cyc double mutants,
one of the dorsal organizer markers, chordin, is still weakly expressed
and does not completely disappear in the triple mutant (Sirotkin et al.,
2000). This ﬁnding suggests that a molecule(s) other than Boz, Sqt
and Cyc may be involved in the formation of the dorsal organizer. In
addition, because the action of Boz is non-cell autonomous for dorsal
organizer induction (Yamanaka et al., 1998), there may be another
factor that is regulated by Boz which mediates the non-cell autono-
mous function. However, large-scale mutagenesis studies in zebraﬁsh
have failed to identify any mutant with a defect in another molecule
Fig. 1. Expression of speciﬁc marker genes in the secondary axis. (A, B) Dorsal telen-
cephalic marker gene emx1. (C, D) Rhombomere 3 and 5 marker gene krx20. (E, F) Floor
plate marker gene shh. (G, H) Somite marker gene myoD. (A, C, E, G) Control, non-
implanted embryos. (B, D, F, H) cell-implanted embryos. The secondary axis had a
visible notochord. (A–C, F–H) Lateral views. (D, E) Dorsal views. All embryos are at the
pharyngula stage (24 hpf). Arrows indicate the ectopic expression of the marker gene
in the secondary axis. Scale bar, 100 μm.
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downstream of Boz.
Because cultured cells provide a convenient and abundant source
of mRNAs and proteins, cell culture systems have proven useful in
the identiﬁcation of unknown factors involved in speciﬁc biological
activities. As an example, the Xenopus cell line XTC (Smith, 1987) and
mammalian cell line K562 (Asashima et al., 1990) both exhibit
mesoderm-inducing activity. Activin was isolated as a secreted factor
in these cell lines (Asashima et al., 1990; Smith et al., 1990) and was
later conﬁrmed to be partly responsible for mesoderm inductive
activity in vivo (Piepenburg et al., 2004).
In the present study, we established zebraﬁsh cell lines from
embryos or larvae at several different developmental stages. Interest-
ingly, implantation of these cultured cells into mid-blastula embryos
resulted in the induction of the secondary axis without any additional
modiﬁcations of the cells. Detailed analyses demonstrated that this
induction was mediated by Nieuwkoop center-like activity in the
implanted cultured cells and that this effect was independent of boz
activity. These implanted cultured cells also induced the dorsal
organizer through signaling in a Nodal-independent pathway.
Materials and methods
Fish embryos
Zebraﬁsh (Danio rerio) embryos were obtained from natural
crosses of wild-type (WT) ﬁsh of the Tübingen strain. oeptz57 is a
presumed null allele that has been described (Zhang et al., 1998).
MZoep embryos were obtained by intercrossing oeptz57 homozygotes.
Approximate embryo stages are presented as hours post-fertilization
(hpf) at 28.5 °C according to Westerﬁeld (1995).
Cell culture
Zebraﬁsh cultured cell lines were prepared from embryos and
larvae at each of the following stages: 6 hpf (early gastrula stage),
24 hpf (pharyngula period), 72 hpf (protruding-mouth stage) and
120 hpf (swimming larva period). About 50 embryos or larvae from
each stage were treated with 0.05% sodium hypochlorite in Holt-
freter's solution (15 mM NaCl, 0.17 mM KCl, 0.23 mM CaCl2, and
0.6 mM NaHCO3, pH 7.6) for 2 min, followed by dechorionation with
5 mg/ml pronase (Sigma). After a two-minute wash in Holtfreter's
solution, embryos in the early gastrula stage were dissociated by
pipetting in calcium-free Holtfreter's solution. Embryos or larvae at
other stages were dissociated with 500 U/ml collagenase/dispase
(Sigma) in L-15 (Leibovitz's L-15 medium, Gibco) by pipetting everyTable 1
Inductive efﬁciency of secondary axis by cell lines
Cell line Number of implanted embryos
(Number of experiments)
Inductive efﬁciency
of secondary axisa,b
ZE6-1 199 (5) 100% (57/57)
ZE6-2 441 (9) 98.4% (123/125)
ZE6-3 352 (8) 91.4% (32/35)
ZE24-1 178 (7) 90.0% (45/50)
ZE24-2 364 (10) 100% (103/103)
ZE72-1 254 (6) 59.4% (38/64)
ZE72-3 232 (5) 65.0% (39/60)
ZE120-1 498 (10) 48.3% (42/87)
ZE120-2 115 (4) 35.9% (14/39)
Sertoli cell line
ZtA6-6 106 (2) 17.0% (3/11)
ZtA6-12-1c 107 (2) 6.0% (1/17)
a A percentage of embryos with a secondary axis in the total of embryos with the
implants located on the lateral or ventral side.
b Examined at 24 hpf.
c A clonal cell line derived from ZtA6-12 (Kurita and Sakai, unpublished).20 min for 2 h at 28.5 °C. The embryonic or larval cell suspensions
were diluted with L-15 and centrifuged at 190 ×g for 3 min. The
supernatant was discarded, and the centrifugation pellet was
resuspended in zebraﬁsh growth medium: L-15, supplemented with
2 mM L-glutamine (Gibco), 50 U/ml penicillin, 50 μg/ml streptomycin
(Gibco), 100 μg/ml kanamycin sulfate (Gibco), 800 μM CaCl2 (Sigma),
3% fetal bovine serum (FBS, Gibco) and embryo extract equivalent
to 20 embryos/ml (Westerﬁeld, 1995). The suspended cells were
plated on 35-mm culture dishes coated with 0.1% gelatin (Sigma) in
phosphate-buffered saline (PBS) and incubated at 28.5 °C in air. The
cells were repeatedly replated using 0.05% trypsin-EDTA (Gibco BRL).
After plating, cultured cells from all the stages attached to the dish and
initially formed cell clumps, which disappeared after several passages.
To ensure that the cultured cells were stable, each cell line was pas-
saged more than ten times before use.
Implantation of cultured cells
Cultured cells were labeled with DiI (Molecular Probes) so that
the implanted cells could be easily distinguished from the cells of the
host embryos. After 3 h of incubation with DiI solution (ﬁnal
concentration of 5 ng/ml), cultured cells were washed three times
with PBS and treated with 0.05% trypsin. Cells were diluted with L-15
and centrifuged at 190 ×g for 3 min in a test tube coated with 150 μl
of FBS in L-15. The supernatant was discarded, and then the centri-
fuged pellet was resuspended in PBS and centrifuged at 190 ×g for
3 min. This PBS wash was performed twice. The ﬁnal cell pellet was
suspended in a few drops of PBS.
Prior to cell implantation, the chorions of host embryos were
removed with four-minute incubation in 0.5 mg/ml pronase (Sigma)
in Holtfreter's solution. After dechorionation, the embryos were
389M. Hashiguchi et al. / Developmental Biology 321 (2008) 387–396incubated in Holtfreter's solution at 28.5 °C until use. Implantation
was performed within 30 min when host embryos had developed to
the mid-blastula (3 hpf) or early gastrula (6 hpf) stage. For implan-
tation, host embryos were placed on a ramp made of 1.5% agar and
about 50 DiI-labeled cells were injected through a glass capillary (Lin
et al., 1992). Because the dorsal side of the embryo cannot be dis-
tinguished in the mid-blastula, labeled cultured cells were implanted
into both sides of the blastoderm margin so that one of the implants
could be expected to be positioned on the ventral side of the embryo.
To arrest the proliferation of implanted cells, the cultured cellswere
incubated for 3 h with mitomycin C (10 μg/ml in L-15, Sigma) 24 h
before implantation. After replating by treatment with 0.05% tryp-
sin, the cells were then cultured to be implanted as described above.
Whole-mount in situ hybridization and histology
Digoxigenin-labeled probes were synthesized by in vitro tran-
scription using T3 or T7 polymerase. Whole-mount in situ hybridiza-
tion was carried out as previously described (Koshida et al., 1998),
with some modiﬁcations. The probes used were emx1 (Morita et al.,
1995), krox20 (Oxtoby and Jowett, 1993), sonic hedgehog (shh) (Krauss
et al., 1993), myoD (Weinberg et al., 1996), goosecoid (gsc) (Stachel
et al., 1993), ﬂoating head (ﬂh) (Talbot et al., 1995), bozozok/dharma
(boz) (Yamanaka et al., 1998), chordin (chd) (Miller-Bertoglio et al,
1997, Schulte-Merker et al, 1997) and lefty1/antivin (lefty1) (Thisse and
Thisse, 1999).
For histological analyses, the specimens were embedded in paraf-
ﬁn or Technovit 8100 (Heraeus Kulzer, Wehrheim, Germany) and cut
into 7 μm thick sections.
RT-PCR
Total RNA isolated from embryos, testis and cultured cells using
TRIZOL (Invitrogen)was treatedwith RNase-free DNase I (Roche), then
1 μg of total RNA was used for cDNA synthesis using SuperScript
reverse transcriptase (Takara) and PCR primers speciﬁc for activinβA
(Wang and Ge, 2004), activinβB (Wang and Ge, 2004), boz (Yamanaka
et al., 1998), fgf3 (Nissen et al., 2003), fgf8 (Draper et al., 2003), mkp3
(Tsang et al., 2004), sqt (Erter et al., 1998) and α-tubulin (Bormann
et al., 1998).
RNA injections
pCS2+lefty1 plasmid (NotI, SP6: Thisse and Thisse, 1999) was lin-
earized and sense capped mRNA was synthesized using mMESSAGEFig. 2. Secondary axis tissues induced following cultured cell implantation. (A) Induced
complete secondary axis. (B) Cross section of panel A. The secondary axis had a
notochord (no) and neural tube (nt). (C) A second example of induced tissues in the
secondary axis in a more posterior region than that shown in panel B. (D) High-
magniﬁcation view of the region boxed in panel C shows that the secondary axis has a
notochord, neural tube, somites (so), and gut (gu). (E) Schematic summary of secondary
tissues induced by cell lines. ‘Two eyes’ indicates complete secondary axis with two
eyes, trunk and tail; ‘One eye’ means cyclopean with trunk and tail; ‘Trunk with o.v.’
indicates a secondary axis with otic vesicles in the trunk and tail, but without head
structures; and ‘Trunk without o.v.’ indicates a secondary axis without head structures
or otic vesicle in the trunk, but with a tail. Here, the induced axis was fused with the
host endogenous axis in the posterior part of the tail. ‘Part of tail’ indicates a secondary
axis only with part of a tail structure. (F, G) Secondary axis with two eyes, trunk and tail
induced by ZE6-2 (F) or ZE24-2 (G). (H) Secondary axis with one eye, trunk and tail
induced by ZE72-1. (I, J) Secondary axis with trunk, otic vesicle and tail induced by
ZE24-2 (I) or ZE120-1 (J). (K, L) Secondary axis with trunk, tail and no otic vesicle
induced by ZE24-2 (K) and ZE120-1 (L). (M) Secondary axis with an ectopic tail induced
by ZE72-1. Some ectopic tails had ﬂoor plate. All embryos were observed at 24 hpf. e,
eye of secondary axis; o.v., otic vesicle of secondary axis; t, tail of secondary axis.
Arrowheads indicate the implanted DiI-labeled cell clumps at the secondary axis region.
Arrows indicate the secondary axis. Scale bar, 100 μm.
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into the yolk of 1-to 2-cell stage wild-type embryos.
Results
Establishment of zebraﬁsh cell lines from various stages of embryos
and larvae
For implantation experiments, we have established two or three
cell lines from each of four developmental stages: embryos at the
early gastrula stage (6 hpf) and the pharyngula period (24 hpf), and
larvae at the protruding-mouth stage (72 hpf) and the swimming
larvae period (120 hpf). Cultured cells from the early gastrula
stage initially grew as aggregated clumps but attached to the dish
after several days, unlike cells from later stages that easily attached
to the dish on the day after plating. All of the cultured cells pro-
liferated continually without any artiﬁcial immortalization treat-
ment and assumed cell morphologies similar to a ﬁbroblast
monolayer after several passages (Fig. S1A–D). Established cell
lines (Table 1) were designated ZE6-1, ZE6-2, and ZE6-3 (early
gastrula stage); ZE24-1 and ZE24-2 (pharyngula period); ZE72-1 and
ZE72-3 (protruding-mouth stage); and ZE120-1 and ZE120-2 (swim-
ming larvae period).
Induction of a secondary axis following implantation of cell lines
To determine any effects of our cell lines on embryo development,
individual cell lines were implanted into mid-blastula embryos
(3 hpf), at which time most cells are not yet speciﬁed (Fig. S1E left,
F–H; Ho and Kimmel, 1993; Kimmel and Warga, 1986). Interestingly,
when the implanted cells were localized on the ventral or lateral side
of the host embryos, induction of the secondary axis was observed.
Since we were unable to distinguish the dorsal and ventral sides at
mid-blastula stage in zebraﬁsh, cultured cells were implanted on bothFig. 3. Induction of dorsal organizer markers by cell line implantation into mid-blastula. Ect
but not in the cells themselves. (A, F, K) Embryos without implanted cells. (B, G) Embryos
embryos shown in panels B and G, respectively. Ectopic gscwas observed in 24 of 28 embryo
1. Ectopic ﬂh was observed in 25 of 32 embryos, ZE6-1; 34 of 37 embryos, ZE24-1; 32 of 34 e
chd in implanted embryos. Ectopic chdwas observed in 5 of 5 embryos, ZE6-1. (D, E) Longitud
magniﬁcation of panel H with dorsal to the right. (M, N) Longitudinal section and high-ma
views. Dotted lines in panels E, J and N represent the colonized implanted cells. All embryos
ectopic expression of gsc, ﬂh and chd. Scale bar, 100 μm.sides of blastoderm margin of mid-blastula embryos in order to
increase the chances for one of the implants to be localized on the
lateral or ventral side of the host embryo (Fig. S1E left, F–H). This
technique was utilized in subsequent analyses.
Histological examination showed that the secondary axis that
developed following cell implantation contained the appropriate neural
tube, notochord, somite, and gut (Figs. 2B–D). Analyses of tissue-speciﬁc
marker expression indicated that the secondary axis neural tissueswere
patterned properly. Speciﬁcally, emx1 (Figs. 1A, B), krox20 (Figs. 1C, D)
and shh (Figs.1E, F)were properlyexpressed in thedorsal telencephalon,
hindbrain and ﬂoor plate, respectively. Furthermore, myoD was also
expressed properly in the somites of the secondary axis (Figs. 1G, H).
The labeled donor cells implanted in host embryos remained in
distinct clusters and showed no signs of self-differentiation within
the secondary axis (Figs. 2F–M). To conﬁrm that the implanted cells
induced the secondary axis without proliferating, cultured cells
were treated with mitomycin C, an inhibitor of cell proliferation
(Robertson, 1987), prior to implantation into the mid-blastula. Cells
treated with mitomycin C retained the ability to induce a secondary
axis (Table S1), suggesting that the axis-inducing activity of the
implanted cells was independent of their proliferation.
When embryos implanted with individual cell lines were
compared, slight differences in secondary axis induction were
apparent between cell lines established from distinct developmental
stages. One distinct difference was that cell lines derived from the
early gastrula (6 hpf) and pharyngula period (24 hpf) embryos were
much more efﬁcient in secondary axis induction than cell lines
derived from larvae in later stages (Table 1). Another difference was
that cell lines derived from different stages induced different
structures in the secondary axis (Fig. 2E). As shown in Table S2, the
cell lines from early gastrula or pharyngula embryonic stages tended
to induce a secondary axis with both anterior and posterior
structures, whereas the cell lines from later stages tended to induce
only posterior structures. Furthermore, only the tail structure wasopic expression of gsc (A–E), ﬂh (F–J) and chd (K–N) is apparent around implanted cells
with implanted cells. (C, H) Whole-mount in situ hybridization for gsc and ﬂh in the
s, ZE6-1; 22 of 31 embryos, ZE24-1; 13 of 32 embryos, ZE72-1; 15 of 33 embryos, ZE120-
mbryos, ZE72-1; 31 of 38 embryos, ZE120-1. (L) Whole-mount in situ hybridization for
inal section and high-magniﬁcation view of panel C. (I, J) Longitudinal section and high
gniﬁcation view of panel L. (A–C, F–H, K, L) Animal pole views. (D, E, I, J, M, N) Lateral
are early gastrula (6 hpf). Arrowheads indicate the implant cells and arrows indicate the
Fig. 4. Induction of the dorsal organizer by implanted cell lines without ectopic boz or sqt expression. (A) Expression of boz and sqt in embryos and cultured cells by RT-PCR.
Neither boz nor sqt were detected in cell lines. (B, F) boz expression (B) and sqt expression (F) of an embryo with no implanted cells. (C–E, G, H) Embryos with implanted cells. (D,
H) Whole-mount in situ hybridization for boz in panel C and for sqt in panel G, respectively. Arrowheads indicate the cell implants. (E) Longitudinal section of panel D with the
ventral side to the left. Dotted lines surround the implanted cells. No boz-positive embryos were observed following implantation of ZE6-1 cells (n=23) or ZE120-1 cells (n=36).
We also observed no sqt-positive embryos among embryos with implanted ZE6-1 cells (n=25). (B–D, F–H) Animal pole views. (E) Lateral views. All embryos are late blastula stage
(5 hpf). Scale bar, 100 μm.
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(Table S2, Fig. 2M).
Secondary axis formation via dorsal organizer induction by cell lines
There were two possible explanations for why implantation of
cultured cells into a mid-blastula stage embryo induced a secondary
axis in the host embryo. The ﬁrst possibility was dorsal organizer
induction by Nieuwkoop center activity, and the second possibility
was neural induction by dorsal organizer activity. Considering that the
notochord is derived from the zebraﬁsh dorsal organizer (Saúde et al.,
2000; Shih and Fraser,1996), and that a notochordwas observed in the
induced secondary axis without differentiation of implanted cultured
cells (Figs. 2B–D), it was likely that the implanted zebraﬁsh cell lines
mimicked the functions of a Nieuwkoop center.
To conﬁrm this hypothesis, cultured cells were implanted into
early gastrula stage embryos (6 hpf) instead of the mid-blastulaTable 2
Inductive efﬁciency of secondary when the cultured cells implanted into MZoep
Cell line Number of implanted embryos
(Number of experiments)
Inductive efﬁciency
of secondary axisa,b
ZE6-1 48 (3) 96.8% (30/31)
ZE120-1 61 (4) 74.4% (29/39)
a A percentage of embryos with a secondary axis in the total of embryos with the
implants located on the lateral or ventral side.
b Examined at 24 hpf.stage embryos (3 hpf) (Fig. S1E right). Previous studies have shown
that a secondary axis is induced by transplantation of either the
zebraﬁsh dorsal organizer or cultured mammalian cells transfected
with neural inducing factors during the early gastrula stage of
zebraﬁsh (Hatta and Takahashi, 1996; Koshida et al., 1998; Saúde et
al., 2000; Shih and Fraser, 1996). However, no secondary axis was
induced following implantation of ZE6-1 (0 of 46 embryos), ZE24-1
(0 of 35 embryos), ZE72-1 (0 of 26 embryos), or ZE120-1 (0 of 30
embryos), suggesting that these zebraﬁsh cell lines have no dorsal
organizer activity.
In addition, we found that gsc and ﬂh were expressed ectopically
in embryos implanted at the mid-blastula stage with either ZE6-1
cells or ZE120-1 cells at 6 hpf (Figs. 3B, C for gsc, Figs. 3G, H for ﬂh). It
is well known that gsc and ﬂh are expressed in the dorsal organizer at
6 hpf (Stachel et al., 1993; Talbot et al., 1995), suggesting that the
implanted cells induced the dorsal organizer. Cells derived from other
embryonic or larval stages (ZE24-1 and ZE72-1) were also able to
induce gsc and ﬂh expression (data not shown). Histological exami-
nations revealed that both of these markers were expressed in the
host embryo cells around the implanted cells, but not in the
implanted cells themselves (gsc, Figs. 3D, E; ﬂh, Figs. 3I, J).
Furthermore, expression of chd (Miller-Bertoglio et al, 1997, Schulte-
Merker et al, 1997), one of the dorsal organizer markers, was also
induced ectopically, but chd expression was not observed in the
implanted cells themselves (Figs. 3L–N).
In conclusion, implantation experiments and histological anal-
yses of the expression of speciﬁc markers suggested that cultured
cells derived from various stages of zebraﬁsh embryonic or larval
Fig. 5. Induction of the dorsal organizer by cell line implantation inMZoepmutants. (A–D)Unimplanted embryos, (E–H) ZE6-1 implanted and (I–L) ZE120-1 implantedMZoep embryos.
Whole-mount in situ hybridization for gsc (B, F, G) and ﬂh (C, J, K). (F, G) Expression of gsc in panel E (F) and a longitudinal section of panel F (G). Ectopic gscwas observed in 19 of 20
embryos, ZE6-1. (J, K) Expression of ﬂh in panel I (J) and a longitudinal section of panel J (K). Ectopicﬂhwas observed in 20 of 20 embryos, ZE6-1; 22 of 22 embryos, ZE120-1. Dotted lines
in panels G and K indicate the implanted cells. (H, L) Induced secondary axis phenotype in MZoep (30 of 31 embryos, ZE6-1; 29 of 39 embryos, ZE120-1). (A–C, E, F, I, J) Animal pole
views. (D, G, H, K, L) Lateral views. (A–C, E–G, I–K) 6 hpf. (D, H, L) 24 hpf. e, eye of secondary axis; o.v., otic vesicle of secondary axis; t, tail of secondary axis. Arrowhead indicates the
implanted cells. The large arrows in panels H and L indicate the secondary axis, and small arrows in panels F and J indicate the expression of gsc and ﬂh. Scale bar, 100 μm.
392 M. Hashiguchi et al. / Developmental Biology 321 (2008) 387–396development were able to induce a secondary axis via the induction of
the dorsal organizer.
Dorsal organizer induction independent of boz or Nodal signaling
In order to establish the mechanism by which implanted cultured
cells induce the dorsal organizer, we investigated the possible
involvement of the Boz and Nodal signaling pathways in dorsal
organizer function induced by the ZE6-1 or ZE120-1 cell line.
Expression of boz was not detected in ZE6-1 or ZE120-1 cells
themselves (Fig. 4A). Implantation of ZE6-1 (0 of 23 embryos) or
ZE120-1 cells (0 of 36 embryos) did not induce ectopic boz expression
in endogenous cells surrounding the injected cultured cells in the
5 hpf embryos (Figs. 4B–E). Thus, the implanted cells induced the
dorsal organizer without activating boz.
When Nodal signaling was investigated, expression of sqt was
not detected in cultured cells (Fig. 4A) and ectopic or expanded
sqt expression was not detected in implanted embryos at 5 hpf
(Figs. 4F–H). To further examine the possible involvement of Nodal
signaling in the induction of the dorsal organizer by cultured cell
lines, we used MZoep mutant zebraﬁsh, which cannot respond to
Nodal signaling (Gritsman et al., 1999). Intriguingly, both ZE6-1 and
ZE120-1 cells were able to induce a secondary axis, even in the
MZoep mutants (Table 2, Figs. 5H, L). Under these conditions, pheno-
types in the induced secondary axis included cyclopia and structu-
rally abnormal tail. These phenotypes resembled those of the MZoep
primary axis (Fig. 5B) (Gritsman et al., 1999, 2000). Surprisingly,
when the cultured cells were implanted, gsc expression was detected
at one or two sites around the embryonic margin (Fig. 5F). His-
tological sections conﬁrmed that gsc expression was present in cells
around the implanted cells but not in the implanted cells them-
selves (Fig. 5G). We looked at another established organizer marker,
ﬂh, for which expression is usually signiﬁcantly reduced in MZoep
mutants (Fig. 5C; Gritsman et al., 1999, 2000). The expression of ﬂh
was also present in cells around implanted cells (Figs. 5J, K). Theseresults suggested that the injected cultured cells induced the dor-
sal organizer with appropriate expression of gsc and ﬂh without
Nodal ligands.
Dorsal organizer induction without activating Nodal signaling pathway
Another possible ligand which might be responsible for the in-
duction by cultured cells is Activin, one of the TGFβ superfamily,
since Activin has been reported to activate the Nodal signaling
pathway independent of oep (Gritsman et al., 1999). To investigate
whether Activin was involved in the induction of the dorsal organizer
by implanted cell lines, we examined the expression of activin in
the cultured cells. Expressions of activinβA and activinβB were ob-
served in some cell lines (Fig. 6A). However, the ZE72-1 cell line did
not express either activinβA or activinβB, despite our observation
that this cell line-induced gsc expression and secondary axis
formation (Fig. 6A; data not shown; Table 1). Conversely, the Sertoli
cell lines ZtA6-6 (Kurita and Sakai, 2004) and ZtA6-12-1 (a clonal cell
line derived from ZtA6-12, Kurita and Sakai, unpublished) highly
expressed activinβA and activinβB (Fig. 6A) and yet showed a de-
creased ability to induce secondary axis formation (Table 1). These
results suggested that activin expression was not correlated with
the ability of cell lines to induce the dorsal organizer and a second-
ary axis.
Lefty1/Antivin (Lefty1), a protein that blocks Nodal and Activin
signaling when it is overexpressed in zebraﬁsh (Meno et al., 1999;
Bisgrove et al., 1999; Thisse and Thisse, 1999) was also examined for
possible involvement in secondary axis induction. When lefty1mRNA
was injected into embryos and then cultured cells were implanted
into the same embryos, lefty1 overexpression induced Nodal-deﬁcient
phenotypes in the endogenous axis, but did not prevent the sec-
ondary axis formation induced by the cultured cells (Figs. 6B, C).
However, one recent report suggested that Lefty1 may not fully
suppress the Activin signaling pathway (Cheng et al., 2004). There-
fore, to address the remaining possibility that cultured cells might
Fig. 6. Induction of the dorsal organizer is unrelated to Activin signaling. (A) Expression of activin in each cell line by RT-PCR. activinβAwas detected in the ZE6-1, ZE24-1, ZE120-1
cell lines, and Sertoli cell lines (ZtA6-6, ZtA6-12-1) and activinβB was detected in the ZE6-1 cell line and Sertoli cell lines (ZtA6-6, ZtA6-12-1). (B, D, F) Unimplanted; (C, E, G) ZE6-1
implanted embryos. (B, C) Embryos injected with lefty1. Secondary axis induced in the lefty1-injected embryos (C; 18 of 19 embryos, ZE6-1). (F, G) Whole-mount in situ
hybridization for lefty1. We observed no ectopic expression of lefty1 in implanted embryos (G; n=23). (B, C) Lateral views at 24 hpf. (D–G) Animal pole views at 6 hpf. e, eye of
secondary axis; o.v., otic vesicle of secondary axis; t, tail of secondary axis. Arrowhead indicates the cell implants. The large arrows in G indicate the secondary axis. Scale bar,
100 μm.
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pathway via lower activity of Activin or any other molecules, we
examined the expression of the Nodal target gene lefty1 (Thisse and
Thisse, 1999) in implanted embryos. Expression of lefty1 was not
induced ectopically in the embryos at 5 hpf, even when the cul-
tured cells were implanted into the margin or animal pole (Figs. 6D–
G; data not shown). From these results, we concluded that the cell
lines induced the dorsal organizer without activating the Nodal
signaling pathway.
The possible involvement of other signaling pathways
It was also possible that our cell lines might have activated sig-
naling downstream of the Nodal signaling pathway. FGF signaling has
been shown to function downstream of Nodal signaling (Maegawa
et al., 2006). However, our cell lines showed little or no fgf3 or fgf8
expression (Fig. 7). In addition, FGF does not induce gsc expression in
MZoep mutants (S. Maegawa and E.S. Weinberg, personal commu-
nication), but our cell lines were able to induce gsc in MZoepmutants.Thus, the factor secreted from our cell lines regulating secondary axis
formation is probably not FGF.
Another possible explanation for cell line-induced dorsal organizer
activity was the involvement of a β-catenin target gene other than sqt
or boz. However, cultured cells showed little or no expression ofmkp3,
a β-catenin target possibly involved in this signaling (Fig. 7) (Tsang et
al., 2004). It has also been reported that dickkopf-1 (dkk1), a negative
regulator of Wnt signaling, was activated in the yolk syncytial layer
independent of both boz and sqt (Hashimoto et al., 2000; Shinya et al.,
2000). Although the overexpression of dkk1 did not induce ectopic
expression of the dorsal organizer, the factor retained the ability to
expand the organizer region (Shinya et al., 2000). The expression of
dkk1 was absent in the cultured cells (Fig. 7A), but ectopic expression
was induced in the cells of implanted embryos at 5 hpf, which was
much earlier than observations of gsc and ﬂh induction (Figs. 7C–E).
dkk1 expressionwas restricted to the marginal region of host embryos
and was not detected in the animal pole side, which was a distinctly
different pattern than that observed for gsc or ﬂh. These results
suggested that the implanted cells may secret factors that induce dkk1
Fig. 7. Other possible signals involving the induction of the dorsal organizer by cultured cells. (A) Expression of fgf3, fgf8, mkp3 and dkk1 in each cell line by RT-PCR. No or little
expression was detected in the cultured cells. (B–E) Whole-mount in situ hybridization for dkk1. Ectopic expression of dkk1 was induced in the implanted embryos (ZE6-1, 16 of 16
embryos, ZE6-1). (B) Unimplanted embryos. (C–E) ZE6-1 implanted embryos. Expression was observed in the marginal region in host embryos, but was not detected in animal pole
region. (E) Longitudinal section of panel Dwith ventral to the left. Dotted lines surround the implanted cells. (B, C) Animal pole views. (D, E) Lateral views. (B–E) 5 hpf. Arrows indicate
the ectopic expression of dkk1. Arrowheads indicate the cell implants. Scale bar, 100 μm.
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organizer.
Discussion
Implantation experimentation is a classical but still powerful
method for identifying speciﬁc factors that inﬂuence inductive
changes in the surrounding host embryo cells. There are reports of
secondary axis formation following the transplantation of mam-
malian cultured cells transfected with Xenopus organizer genes
(Koshida et al., 1998) or Wnt3 (Hatta and Takahashi, 1996) into
zebraﬁsh embryos. In the present study, however, we report that
cultured cells established from zebraﬁsh embryos and larvae ex-
hibit Nieuwkoop center-like activity without cell modiﬁcation. Our
results are similar to results reported by Topczewska et al. (2006) in
which mammalian melanoma cells were used as a cell source. Upon
implantation, a secondary axis was induced, but only partially. The
factor responsible for axis induction was identiﬁed as Nodal, which
is not surprising, considering that the Nodal pathway has already
been implicated in the induction of the dorsal organizer. In our
study, cell lines established from early stage zebraﬁsh embryos in-
duced a nearly complete secondary axis independent of both Boz
and Nodal signaling pathways, indicating that another unidentiﬁed
factor(s) or pathway may be involved in axis induction.
Dorsal organizer induction by zebraﬁsh cell lines
In zebraﬁsh, one of the early markers of the developing dorsal
side is the translocation of β-catenin from the cytoplasm to the
nucleus of embryonic cells. This translocation triggers Nieuwkoop
center formation in vivo just after the mid-blastula transition
(3.3 hpf) (Dougan et al., 2003; Schneider et al., 1996). Overexpression
of β-catenin has been reported to induce ectopic expression of boz
and sqt in the blastula (Kelly et al., 2000; Shimizu et al., 2000), both
of which are expressed in the Nieuwkoop center, and the formationof a secondary axis (Erter et al., 1998; Yamanaka et al., 1998).
Therefore, it is possible that the implanted cultured cells may induce
a secondary axis as a result of inducing Nieuwkoop center activity.
However, this possibility seems unlikely, since the cultured cells
expressed little or no mkp3, a β-catenin target (Fig. 7) (Tsang et al.,
2004), and ectopic or expanded expression of boz or sqt was not
detected in implanted embryos (Figs. 4B–H). Based on this evi-
dence, the implanted zebraﬁsh cell lines appeared to induce the
secondary axis via induction of the dorsal organizer rather than the
Nieuwkoop center.
Cellular signaling involved in the induction of the dorsal organizer by
cultured cells
One major question from our investigations that remains to be
answered is the location of the point of activity of the factor secreted
from our cultured cells. The homeodomain protein Boz acts parallel
to the Nodal signaling pathway to induce the dorsal organizer. In
the present study, boz expression was not detected in the host em-
bryo cells surrounding the implanted cultured cells or in the im-
planted cells themselves (Fig. 4). It has been reported that boz can
induce gsc only near the margin of the embryo (Dougan et al., 2003;
Shimizu et al., 2000). In contrast, our cultured cells induced ectopic
gsc in embryonic cells around the site of implantation, even though
the cells were implanted into the animal pole (Fig. S2). These re-
sults suggest that a factor derived from cultured cells acts in parallel
to Boz pathway.
With regard to the Nodal signaling pathway, the cultured cells did
not express sqt and ectopic or expanded expression of sqt was not
induced in endogenous cells of the implanted embryos (Fig. 4). Fur-
thermore, our cell lines induced the dorsal organizer in MZoep
mutants in a Nodal-independent manner (Fig. 5). We considered the
possibility that the cultured cells might induce the dorsal organizer
as a consequence of stimulating the Nodal signaling pathway through
a mechanism independent of Nodal ligands, such as through Activin.
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cultured cells and organizer induction. In addition, inhibition of Nodal
and Activin signaling by overexpressing Lefty1 did not suppress sec-
ondary axis formation. Finally, ectopic or expanded expression of
lefty1, a common target gene of both the Nodal and Activin signaling
pathways, was not induced in the implanted embryos (Fig. 6). These
data suggest that cultured cells induced the dorsal organizer inde-
pendent of Nodal and Activin signaling pathway activation. Therefore,
the results presented here suggest that a factor derived from the
implanted cell lines acts in parallel to the Boz and Nodal pathways to
induce the dorsal organizer.
We also examined the possible involvement of FGF signaling,
which has been suggested to function downstream of Nodal signaling
(Maegawa et al., 2006). However, FGF did not appear to be secreted
from our cell lines (Fig. 7). Chordin and Noggin were also excluded as
possible secreted factors for several reasons. First, the cultured cell
lines did not express chordin (Fig. 3). Second, transplantation of COS7
cells transfected with Xenopus noggin and chordin cDNAs induced a
secondary axis, but not an axial mesoderm or gsc expression (Koshida
et al., 1998). Third, overexpression of noggin is known to lead to the
formation of a partial secondary axis, but this induced secondary
axis lacks a shh-expressing ﬂoor plate (Fürthauer et al., 1999). The
phenotype induced by implantation of our cultured cells seemed to be
distinct from that induced by Chordin and Noggin.
It is interesting to consider the possible involvement of Dkk1, since
this factor is activated in the yolk syncytial layer independent of both
Boz and Sqt (Hashimoto et al., 2000; Shinya et al., 2000). Although
dkk1 was not detected in our cultured cells, dkk1 ectopic expression
was induced in implanted embryos at 5 hpf, which was earlier than
gsc or ﬂh expression (Fig. 7). This timing suggested that the implanted
cultured cells might secrete speciﬁc factor(s) resulting in dkk1 ex-
pression and that the suppression of Wnt signaling may create the
appropriate environment for further induction of gsc or ﬂh. Unfor-
tunately, we were unable to identify the secreted molecule(s), if any,
responsible for dorsal organizer induction. Also, our model may not
reﬂect the normal in vivo conditions. Nevertheless, identiﬁcation of
the inducing factor produced by the implanted cell lines will facili-
tate our understanding of the Nieuwkoop center.
Cell lines as a signaling source
During the course of performing implantation experiments, we
noted variation in the ability of cell lines with different origins to
induce the anterior–posterior structures of the secondary axis. For
example, the secondary tail was induced only by cultured cells de-
rived from the protruding-mouth stage larvae (72 hpf). Another
example was the anterior structures of the secondary axis, which
were more frequently observed following the implantation of cells
derived from earlier embryos. These ﬁndings may reﬂect the pre-
existing embryonic patterning along anterior–posterior axis in the
mid-blastula stage embryo, with the induction of speciﬁc structures
regulated by speciﬁc concentrations of inﬂuential factors secreted
from cell lines derived from different embryonic stages.
We have demonstrated that all cell lines derived from zebraﬁsh
embryos and larvae had in common the ability to induce the dorsal
organizer. However, in order to understand the speciﬁc underlying
mechanism of dorsal organizer induction, we must ﬁrst identify the
inducing factor(s) originating from the implanted cultured cells.
One of the major advantages of cultured cells is that they are a
convenient and unlimited source of mRNA and protein. Preliminary
microarray data showed that there are several signaling molecules
that are commonly expressed among the cultured cell lines. We
hope that the identiﬁcation of the responsible molecule or
signaling pathway may facilitate further investigation and identi-
ﬁcation of unique mechanisms leading to the induction of the
dorsal organizer.Acknowledgments
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